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Introduction
After the discovery of endothelial progenitor cells (EPCs) in 1997 
[1], substantial optimism surrounded these cells for their capacity 
to engraft into the endothelium and regenerate damaged tissue. 
However, more recent evidence using progenitor cell transplanta-
tion indicated that most of these cells act through paracrine path-
ways, and also expanded the population to include similar angio-
genic bone marrow-derived myeloid precursors, termed circulat-
ing angiogenic cells (CAC) [2, 3]. These CAC populations are 
characterized by their ability to adhere to vascular endothelium 
and secrete various factors that regulate endothelial angiogenesis. 
Reductions in CAC number and inability to promote angiogenesis 
have been observed in individuals with various diseases [4] and 

have been proposed as novel risk factors for cardiovascular diseas-
es (CVD) [5]. Acute exercise increases CAC number and/or function 
[6] and these exercise-induced changes have been proposed as po-
tential mediators for reducing CVD risk and increasing capillariza-
tion in skeletal muscle. A growing body of research supports a con-
tribution of acute exercise in transiently increasing CAC recruit-
ment and paracrine function; however, the chronic effects of 
exercise training on CAC paracrine function have not been as thor-
oughly investigated or discussed. This review is intended to 1) sum-
marize current literature supporting a role of CAC paracrine func-
tion with a focus on secreted proteins, extracellular vesicles (EVs) 
and microRNA (miR), 2) review how these factors are altered after 
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AbStR Act

Exercise	training	has	various	benefits	on	cardiovascular	health,	
and circulating angiogenic cells have been proposed as execut-
ing these changes. Work from the late 1990s supported an 
important role of these circulating post-natal cells in contribut-
ing to the maintenance and repair of the endothelium and 
vasculature. It was later found that circulating angiogenic cells 
were a heterogenous population of cells and primarily func-
tioned in a paracrine manner by adhering to damaged endothe-
lium and releasing growth factors. Many studies have discov-
ered novel circulating angiogenic cell secreted proteins, 
microRNA and extracellular vesicles that mediate their angio-
genic potential, and some studies have shown that both acute 
and	chronic	aerobic	exercise	training	have	distinct	benefits.	
This review highlights work establishing an essential role of 
secreted factors from circulating angiogenic cells and summa-
rizes	studies	regarding	the	effects	of	exercise	training	on	these	
factors. Finally, we highlight the various gaps in the literature 
in hopes of guiding future work.
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chronic exercise training, and 3) identify knowledge gaps to guide 
future	investigations	of	the	effects	of	exercise	training.

Defining CACs
Before discussing the function of CACs, it should be noted that the 
definition	of	CACs	has	expanded	to	include	various	cell	types	such	
as stem and progenitor cells, monocytes/macrophages [7, 8],  
T-cells [9], and mesenchymal stem cells [10] (▶table 1). These cells 
are	identified	by	a	broad	range	of	cell	surface	markers,	and	entire	
reviews	have	been	dedicated	to	the	proper	quantification,	pheno-
typing and reporting of these cells; thus, there is growing consen-
sus that a comprehensive set of cell surface markers should be used 
to increase data transparency and reduce ambiguity [24]. In this 
review, we will use the term CAC to refer to the broad heterogene-
ous population of primarily myeloid-derived cells capable of induc-
ing	angiogenesis,	while	specific	cell	surface	markers	will	be	identi-
fied	when	referencing	specific	studies.	The	most	frequently	stud-
ied subsets of CACs include those expressing CD31 and CD34. CD34 
was	first	identified	on	hematopoietic	stem	and	progenitor	cells	and	
has been linked to regeneration of damaged tissue and de novo 
production of various cell types. Meanwhile, CD31 is a member of 
the immunoglobulin superfamily with key roles in executing inter-
actions between circulating cells and endothelial cells [25]. To date, 
most	of	our	knowledge	of	the	effects	of	exercise	training	on	the	
paracrine function of CACs is derived from work on CD34 +  and 
CD34-/CD31 +  cells. We now understand that each of these sub-
sets of CACs is comprised of heterogeneous groups of cells, each 
of which may have a distinct role in vascular maintenance and all 
of which require future investigation.

CAC Paracrine Function
EPCs and CACs were initially thought to represent a post-natal cell 
capable of regenerating vascular tissue and promoting de novo pro-
duction of blood vessels; however, studies utilizing bone marrow 
transplantation refuted this, as labeled bone marrow-derived CACs 
could not be detected within the existing vessels of the recipient 
[26]. Despite their absence within the vessels, CAC treatment did 
improve endothelial repair and angiogenesis; furthermore, CACs 
were	observed	adjacent	to	the	endothelial	repair.	These	findings	
suggested that CACs were capable of promoting angiogenesis, al-
beit in an alternative manner. Subsequent studies hypothesized 
and later supported the ability of CACs to elicit angiogenesis 
through the paracrine secretion of pro-angiogenic factors. Several 
studies	have	supported	this	hypothesis,	as	the	effects	of	treatments	
involving factors secreted by CACs have been found to elicit simi-
lar outcomes as treatment with CACs themselves. While it remains 
possible that certain CACs may contribute to vascular development 
through	differentiation	and	engraftment,	the	majority	of	data	sup-
ports CAC paracrine function as the primary determinant of CAC 
angiogenic potential [27–30]. The following sections describe the 
key	CAC	paracrine	factors	identified	to	date.

CAC-derived proteins
The angiogenic potential of CACs is partially determined by the rel-
ative amount and type of protein secreted by CACs. Many of the 
proteins	released	by	CACs	have	been	identified	and	include	iso-
forms	of	vascular	endothelial	growth	factor	(VEGF),	basic	fibroblast	
growth	factor	(bFGF),	angiopoietin-1	(Ang-1)	[31],	hepatocyte	
growth	factor	(HGF),	granulocyte	colony	stimulating	factor	 

▶table 1 	 Definitions	and	Terminology	Associated	with	Circulating	Angiogenic	Cells.

cell type Surface marker Reference Definition

Circulating angiogenic 
cell (CAC)

Varies Fadini et al. [11]
Hill et al. [12]

Also	used	as	a	broad	term	often	to	define	a	variety	of	isolated	
circulating cells with angiogenic potential.
Also	used	in	some	literature	to	define	colony	forming	units	
(CFUs), a heterogeneous population of cells derived from cell 
culture of peripheral blood mononuclear cells and re-plating of 
non-adherent cells to form colonies.

Mononuclear cells 
(MNCs)

Heterogeneous mixture of bone marrow-derived cells.

EPC CD34 + /KDR + 
CD34 + /KDR + /CD133 + 
CD34 + /KDR + /CD45-
CD133 + /KDR + 

Asahara et al. [13]
Fadini et al. [11]

Cells expressing surface markers for both immature progenitor 
cells (CD34 +  or CD133 + ) and endothelial cells (KDR + ) usually 
identified	using	flow	cytometry	on	freshly	isolated	circulating	
MNCs.

Circulating progenitor 
cell /Hematopoietic 
progenitor cells

CD34 + 
CD133 + 

Rigato et al.
Fadini et al. [11]
Bielak et al. [14]

Immature bone-marrow-derived cells, mostly of hematopoietic 
origin associated with cardiovascular health. Includes EPCs and 
other progenitor cells found in circulation.

Circulating CD31 +  cell CD31 + Kim et al. [15]
Kim et al. [16]
Erdgruegger et al. [17]
Goon	et	al.	[18]

Circulating CD31-expressing hematopoietic and endothelial cells 
present in peripheral blood with vasculogenic and angiogenic 
properties. Includes mature endothelial cells in circulation.

Angiogenic T cells CD31 + /CD3 + 
CD31 + /CD3 + /CXCR4 + 

Kushner et al. [19]
Hur et al. [20]

Subpopulation of T-cells with vasculogenic properties.

Angiogenic monocytes CD31 + /F4/80
CD31 + /CD14 + 

Kim et al. [21]

Other CD62E + Waller et al. [22] Non-progenitor peripheral blood mononuclear cells with 
angiogenic properties.

 * Used, with permission, from Landers-Ramos et al. [23].
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(G-CSF),	stromal	cell-derived	factor-1	(SDF-1),	interleukin-8	(IL-8),	
and	transforming	growth	factor-β2	(TGF-β2)	[7,	32].	Current	evi-
dence suggests complex interplay among these factors that ulti-
mately governs angiogenesis.

Initially, EPCs were described as targets of secreted factors, 
namely	VEGF.	Indeed,	activation	by	VEGF	promotes	CAC	prolifera-
tion and nitric oxide (NO) release [13, 33]. However, investigators 
illustrated a paracrine role of EPCs as hypoxic pre-conditioning in-
creased	VEGF	production	and	improved	blood	flow	restoration	after	
EPC transplantation during hindlimb ischemia [34]. Furthermore, 
VEGF	was	identified	as	more	highly	expressed	by	EPC	and	CD14	+		
cells compared with human umbilical vein endothelial cells (HUVEC) 
[32]. Moreover, treatment of EPC conditioned media (CM) with an 
anti-VEGF	antibody	reduced	the	CM’s	ability	to	induce	endothelial	
cell	migration.	This	early	work	established	a	clear	role	of	VEGF,	but	
later	found	that	VEGF	operated	in	tandem	with	other	factors.	For	
example,	the	proangiogenic	paracrine	effects	of	EPC	on	retinal	en-
dothelial	cells	are	reduced	after	blockade	of	IL-8,	but	not	of	VEGF	
[35].	This	study	replicated	these	findings	in	vivo	as	vascular	repair	
seemingly relied on the action of IL-8 to increase endothelial per-
meability by phosphorylating extracellular signal-regulated kinase 
(ERK) through the activation of the C-X-C motif chemokine recep-
tor	(CXCR)	-2	and	VEGF	receptor	2	(VEGFR2)	[36].	These	results	also	
suggest potential overlapping paracrine functions of proteins, con-
sidering	IL-8	is	able	to	act	through	VEGFR2	and	compensate	for	the	
absence	of	VEGF.

EPCs secrete relatively high levels of SDF-1, and investigators 
have revealed a paracrine role for SDF-1 via its receptor CXCR4 on 
endothelial cells [37, 38]. Exposure to SDF-1 enhances a range of 
angiogenic processes and results in augmented repair of mouse 
hindlimb	ischemia	[37]	that	can	be	prevented	with	highly	specific	
antagonists to CXCR4 [37, 39]. Data suggest that SDF-1 works in 
tandem	with	VEGF	to	mediate	CAC	paracrine	effects	as	inhibition	
of	both,	but	not	each	individual	protein,	caused	significant	reductions	
in	repair	of	hindlimb	ischemia	[38].	This	may	reflect	redundancies	in	
the signaling pathways of these two cytokines and/or the ability of 
VEGF	to	upregulate	SDF-1	expression	[40]	and	vice-versa.

The aforementioned cytokines represent only a few of the 
known soluble proteins involved in the paracrine action of CACs.  
A more complete picture has been constructed by multiplex arrays 
and	proteomics	analyses	[41–43].	These	studies	have	identified	as	
many as 647 [43] or as few as 82 proteins [42] in the secretome of 
CACs.	In	a	recent	study	by	Felice	et	al.	[43],	83	proteins	were	differ-
entially secreted in response to hypoxia, of which a number of an-
giogenic proteins were upregulated and anti-angiogenic proteins 
were downregulated, indicating the putative role of CAC paracrine 
function in vascular homeostasis. It was also found that CM collect-
ed from EPCs cultured under hypoxic conditions had protective, 
anti-apoptotic	effects	on	HUVECs,	even	after	neutralization	of	four	
of	the	most	highly	expressed	cytokines	(VEGF,	HGF,	matrix	metal-
lopeptidase-9, IL-8) [28]. Collectively, these data support the no-
tion that a number of proteins are likely involved in the paracrine 
angiogenic function of CACs.

While the paracrine action of CACs is rapidly becoming well es-
tablished, it is important to note the plasticity and alteration of 
these actions in health and disease. For example, krueppel-like fac-
tor	10	(an	effector	of	CXCR4	expression	and	paracrine	signaling)	

expression	is	reduced	by	~70	%	in	CD34	+	/VEGFR2	+		cells	of	periph-
eral arterial disease (PAD) patients, probably contributing to some 
of the reduced paracrine functions often observed in this and similar 
unhealthy/diseased	populations	[44].	Cultured	CD34	+	/VEGFR2	+	 
cells	from	patients	with	permanent	atrial	fibrillation,	a	group	with	
high	rates	of	endothelial	dysfunction,	secreted	lower	levels	of	VEGF	
and NO than age- and sex-matched controls [45]. CM from CAC of 
critical limb ischemia patients could not elicit endothelial migra-
tion to the same degree as CAC-CM of healthy, age-matched con-
trols [46]. EPCs expanded from mononuclear cells of obese indi-
viduals displayed lower levels of secreted IL-8 and monocyte che-
moattractant protein-1 (MCP-1) than lean individuals [47].  
In diabetic individuals, CD34 +  cells were found to secrete substan-
tially	lower	levels	of	stem	cell	factor,	HGF,	and	thrombopoietin,	
along with elevated levels of MCP-1, granulocyte monocyte- colony-
stimulating	factor,	IL-6,	and	tumor	necrosis	factor-alpha	(TNF-α)	
as compared to non-diabetic subjects [48]. The secreted factors 
from CD34 +  CACs from patients with diabetes were unable to 
stimulate angiogenesis or regulate vascular reactivity [48]. These 
findings	suggest	that	CAC	paracrine	function	is	sensitive	to	health	
status and the extracellular environment, providing a putative tar-
get for therapeutic pharmaceutical or lifestyle interventions such 
as exercise training.

Indeed, preconditioning CACs in hypoxia has become a com-
mon technique to increase their proangiogenic functions/secre-
tions before subsequent use in therapies or experiments, although 
not	all	studies	have	reported	beneficial	effects	[38].	Interestingly,	
in	addition	to	increasing	the	secretion	of	VEGF,	SDF-1,	chemokine	
ligand 1, and macrophage migration inhibitory factor (MIF), hypox-
ia upregulated the expression of CXCR2 and CXCR4 on the surface 
of	EPCs,	potentiating	a	beneficial	autocrine	loop	[49].	Other	pro-
teins and pathways regulating CAC paracrine function have been 
identified,	some	of	which	overlap	with	pathways	established	as	con-
tributing	to	the	overall	benefits	of	exercise	training.	These	include	
AMP-activated protein kinase [50], peroxisome proliferator-acti-
vated	receptor	-δ	[51],	signal	transducer	and	activator	of	transcrip-
tion [52], krueppel-like factor 10 [53], and p38 mitogen-activated 
protein kinase (MAPK) [47]. As one example, AICAR (an AMP analog 
which stimulates AMP-activated protein kinase) stimulation of EPCs 
induced	greater	release	of	the	pro-angiogenic	VEGF,	IL-8,	and	SDF-1	
into media and enhanced HUVEC migration in a gap closure assay 
[50].

Lastly, there is evidence to suggest that CD34 +  CACs work syn-
ergistically with other cell types including endothelial cells, mono-
cytes (CD14 +  cells), and mesenchymal stromal cells (MSCs) to am-
plify	paracrine	effects.	Co-culturing	CD34	+		cells	with	HUVECs	led	
to markedly higher media concentrations of IL-8, IL-6, macrophage 
inhibitory	protein	(MIP)-1	α,	MIP-1β,	and	MCP-1	compared	to	cul-
turing either cell type alone [54]. In addition, the complementary 
effects	of	paracrine	factors	from	MSCs	and	EPCs	were	later	revealed	
as the combination of CM from both cell types greatly enhanced 
proliferation of endothelial cells compared to CM of either cell type 
alone [55]. Interestingly, CD14 +  monocytes previously incubated 
in	CD34	+		CM	had	enhanced	production	of	MCP-1,	FGF-2,	HGF	and	
VEGFa,	showing	that	CACs	can	stimulate	paracrine	functions	of	
other circulating cells [56]. In vivo, the co-implantation of both 
CD34 +  and CD14 +  cells into cell-loaded matrigel plugs led to 
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greater microvessel formation than either individual cell type [56]. 
Incorporation of either cell type into the vasculature was not ob-
served, implying the mediation of paracrine factors. Indeed, when the 
group	of	growth	factors	IL-8,	MCP-1,	FGF-2,	HGF	and	VEGFa	were	
neutralized,	the	stimulatory	effects	on	neovascularization	were	
abolished [56].

In summary, the literature supports the role of CAC-derived pro-
teins in contributing to angiogenesis and maintenance of the en-
dothelium. Much of this angiogenic potential is attributable to tra-
ditional	growth	factors	such	as	VEGF,	FGF,	HGF,	bFGF	and	G-CSF;	
however,	many	of	these	cytokines	and	their	targets	also	are	affect-
ed	by	inflammatory	factors	such	as	IL-6,	IL-8,	signal	transducer	and	
activator of transcription-3 , MCP-1, and MIF-1. Thus, there is like-
ly complex interplay among these cytokines that will require fur-
ther study. Moreover, these proteins do not comprise the entirety 
of CAC paracrine factors as recent evidence implicates a discrete 
role of other factors such as miRs and EVs.

CAC-derived microRNAs
In addition to proteins, CACs release microRNAs (miRs) to enact 
their	paracrine	effects.	MiRs	are	a	class	of	short,	noncoding	RNAs	
that post-transcriptionally regulate the expression of target genes. 
By	binding	to	complementary	sequence(s)	in	the	3’	untranslated	
region of target mRNAs, the mature miR acts as a guide for an as-
sociated miR-induced silencing complex that interferes with trans-
lation [57–59]. Because perfect sequence alignment is not neces-
sary	for	miRs	to	exert	an	effect,	each	miR	is	able	to	directly	target	
several mRNAs. In addition, multiple miRs may share the same 
mRNA	target,	thus	contributing	to	the	complexity	of	miR	effects	
on paracrine function [57].

MiR-126 is the most abundant miR within endothelial cells, 
where its roles in angiogenesis and vascular repair have been well 
characterized [60]. The pro-angiogenic miR-126 has more recent-
ly emerged as a critical regulator of CAC function and may, in part, 
regulate	CAC	paracrine	function	by	targeting	inhibitors	of	the	VEGF	
signaling	pathway	[61].	Investigators	have	identified	SDF-1	as	a	di-
rect target of miR-126 in EPCs and determined that miR-126 im-
proves EPC migration through the SDF-1/CXCR7 pathway [62]. MiR-
126	was	also	confirmed	to	target	PIK3R2	in	EPCs	and	consequent-
ly to activate the PI3K/Akt pathway and inhibit the FOXO3/SMAD4 
signaling	pathways	in	TGFβ1-stimulated	EPCs	[63].	The	overexpres-
sion of miR-126 in EPCs resulted in increased proliferation, migra-
tion and angiogenic functions through activation of the PI3K/Akt/
eNOS	pathway,	in	addition	to	beneficial	alteration	of	NO	and	ROS	
levels	[64].	The	effects	of	miR-126	overexpression	appear	to	per-
sist in vivo, as transplantation of miR-126 transfected EPCs in-
creased	angiogenesis	and	cerebral	blood	flow	in	a	mouse	model	of	
ischemic stroke [62, 64].

Additional evidence suggests that EPC production or secretion 
of paracrine factors may be mediated by the miR-126 response to 
the extracellular environment. Culturing EPCs in media supple-
mented with high glucose or advanced glycation end products 
(AGEs)	decreased	their	expression	of	miR-126	and	increased	ROS	
production	and	secretion	of	inflammatory	cytokines	IL-6	and	TNF-α;	
however, miR-126 overexpression was able to attenuate these ef-
fects [65]. Furthermore, Jakob et al. [66] observed lower miR-126 
expression coinciding with higher mRNA and protein expression of 

its direct target sprouty-related, EVH domain-containing protein-1 
in circulating CD34 +  cells and cultured endothelial outgrowth cells 
(EOC) of CHF patients compared to those of healthy controls. In-
jection of the EOCs into mice following acute MI revealed inferior 
ability	of	CHF	patients’	cells	to	improve	cardiac	function	and	induce	
neovascularization; however, transfection of the CHF patient-de-
rived	EOCs	with	a	miR-126	mimetic	significantly	improved	these	
functions [66].

In regard to other miRs, the CD34 +  cells of CHF patients also 
contained lower miR-130 and higher levels of its target homeobox 
protein 5, which may reduce angiogenic functions by downregu-
lating	VEGFR2,	Ephrin	A1,	hypoxia-inducible	factor	1-alpha	(HIF1α),	
and cyclooxygenase-2 , and by upregulating antiangiogenic genes 
including thrombospondin-2 [66]. An additional target of miR-130 
is runt-related transcription factor 3 (Runx3), which negatively reg-
ulates	EPC	functions	by	suppressing	VEGF	expression	[67].	Upreg-
ulation of miR-130 decreased Runx3 expression and positively reg-
ulated	ERK/VEGF	and	Akt	in	EPCs	[67].	The	EPCs	of	people	with	type	
2 diabetes also exhibit low levels of miR-130 and elevated Runx3, 
which contributes to their dysfunction [67].

MiR-21 also is expressed in CACs and its expression is altered in 
the presence of a variety of factors including age, CVD, asymmet-
rical dimethylarginine (ADMA), shear stress, and hypoxia [65–67]. 
MiR-21 may have overlapping function with miR-126 in mature en-
dothelial cells due to its ability to downregulate the expression of 
phosphatase and tensin homolog, an antagonist of the PI3K/Akt/
eNOS pathway [68–70]; however, the same may not be true when 
assessing	the	effects	of	miR-21	on	CACs.	For	example,	the	NOS	in-
hibitor ADMA, which is elevated in coronary artery disease (CAD) 
patients, was shown to induce CAC dysfunction in a miR-21 de-
pendent	manner	[71].	Specifically,	ADMA	caused	a	three-fold	up-
regulation of miR-21, which reduced EPC migration by increasing 
ROS production and decreasing NO bioavailability [70]. When CACs 
of CAD patients were transfected with anti-miR-21, migratory ca-
pacity was restored, justifying miR-21 as a clinically relevant target 
with therapeutic potential [70]. Additionally, miR-21 has been 
found to both suppress EPC proliferation by targeting WWP1, a 
negative	regulator	of	TGFβ	signaling,	and	promote	senescence	by	
targeting Hmga2 in conjunction with miR-10a *  [69, 102].

While the aforementioned miRs have received the most atten-
tion in the literature, a number of other miRs may play roles in the 
paracrine function of CACs. For example, miR-142 acts to increase 
VEGF	expression	by	downregulating	another	of	its	inhibitors,	a	dis-
integrin and metalloproteinase with thrombospondin motifs -1, 
resulting in greater eNOS and NO production [72]. Conversely, 
miRs-15a	and	16	both	directly	target	VEGF,	and	the	CACs	of	criti-
cal limb ischemia patients displayed greater expression of these 
two miRs which were responsible for their reduced angiogenic 
function [73]. Evidence suggests that antagonism of miR-16 im-
proves the angiogenic functions of CACs, potentially through in-
creased secretion of proangiogenic factors such as IL-8 [74]. An-
other	direct	antagonist	of	VEGF	and	negative	regulator	of	angio-
genesis is miR-361, which is upregulated in EPCs and plasma of CAD 
patients	[75].	Likewise,	miR-138	directly	targets	HIF-1α	and	is	
thereby negatively regulated in response to senesence in endothe-
lial cells. Similarly, in both CACs and plasma from CHF patients, miR-
146a expression was 1000-fold and 2-fold greater, respectively, 
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compared with healthy controls [76]. Together, these studies show 
that several miRs that modulate paracrine function of CACs are ab-
errantly expressed in CACs from individuals with various cardio-
metabolic diseases. Still, research has been performed on a limited 
number of miRs, and the roles of many others remain to be estab-
lished.

CAC-derived extracellular vesicles and cargo
EVs also appear to play a substantial role in CAC paracrine function, 
as proteins and miRs are often packaged within EVs for transport. 
EVs are formed by budding or blebbing from the plasma mem-
brane. These vesicles act as intercellular communicators released 
from CAC and other cell types and contain a wide range of cargo, 
such as proteins, mRNAs, microRNAs (miRs), and DNA [77, 78]. 
Variability exists in EV nomenclature, but they are generally denot-
ed	by	their	size	(50-150	nm)	and	expression	of	specific	markers	(tet-
raspanins:	CD9,	CD81,	flotilin	1	and	2),	but	other	cargo	carriers	such	
as microvesicles, apoptotic bodies, migrasomes, and arrestin-do-
main-containing protein-1 mediated microvesicles are released 
from cells and have overlapping characteristics [79]. Despite their 
heterogeneity and the associated challenges in characterizing 
them, CAC-derived EVs (CAC-EVs) have shown promise as media-
tors of the paracrine function of CACs [80, 81].

The content and subsequent function of CAC-EVs are regulated 
by	both	their	source	and	microenvironment.	One	of	the	first	stud-
ies	using	CAC-EVs	generated	in	vitro	from	CD133	+	/VEGFR2	+	/
CD34 + /CD45-dim/null CACs clearly illustrated their angiogenic 
potential; these EVs were capable of horizontal mRNA transfer into 
endothelial cells to reprogram them for angiogenesis [80]. Further-
more, CD34 +  cell EVs were shown to have angiogenic function 
similar	to	CD34	+		cells	alone	and	superior	benefits	on	endothelial	
viability	and	proliferation	[82].	These	studies	implicated	a	specific	
role of CD34 +  exosomes in executing the angiogenic function of 
CD34 +  cells, and it was hypothesized that the cargo responsible 
for these changes were pro-angiogenic miRs-126 and -130a, which 
were highly concentrated within the CAC-EVs [82].

CAC-EVs contain a plethora of cargo including proteins and 
mRNA, but early work implies that miR-126 plays a distinct role in 
mediating CAC-EV function [82]. In response, studies utilizing in 
vivo models of angiogenesis have started to address this gap. For 
example, treatment with CAC-EVs was performed in an animal-
model of peripheral ischemia and improved motor function, per-
fusion, limb salvage, and capillary density [81]. Upon assessment 
of	the	CAC-EVs,	protein	content	was	not	substantially	different;	
however,	CAC-EVs	had	distinctly	different	miR	profiles,	implicating	
miRs as the primary determinant of the proangiogenic potential of 
CAC-EVs.	Further	investigation	supported	earlier	findings	as	miR-
126 knock-down abrogated the angiogenic capacity of CAC-EVs in 
vivo and in vitro. Finally, this study supported a direct transfer of 
miR-126 by illustrating increased miR-126 within target endothe-
lial	cells	and	specific	changes	in	expression	of	its	target	mRNA.	
Overall,	these	findings	provided	evidence	for	an	explicit	role	of	EV-
encapsulated miRs, particularly miR-126, in mediating the proan-
giogenic	and	potential	therapeutic	effects	of	CAC-EVs	in	vivo.

Though CAC-EVs have been investigated for their angiogenic 
function, it is apparent that the CAC-EVs of individuals with chron-
ic diseases can be a source and/or target of dysfunction. Some stud-

ies have shown that damaged endothelial cells release apoptotic 
bodies that subsequently communicate with CACs to induce dys-
function	[83,	84].	Though	this	finding	requires	further	support,	it	
strongly suggests that CAC-EVs are dysregulated in chronic diseas-
es. For example, decreased miR-126 expression within CAC-EVs has 
been	identified	as	a	significant	indicator	of	disease	severity	in	those	
with	chronic	diseases.	This	is	exemplified	by	findings	in	patients	
with type 2 diabetes who have reduced miR-126 expression within 
CACs. This reduced expression is mirrored in CAC-EVs, as patients 
with uncontrolled diabetes carried less miR-126 in their CAC-EVs 
than healthy controls and even those with well-controlled diabetes 
[85]. Furthermore, in participants with severe diabetes, CAC-de-
rived EVs induced ROS production and apoptosis and reduced CAC 
migration; however, restoring miR-126 content within CAC-EVs 
was found to improve the function of CACs. In addition, CAC-EVs 
enriched with pro-inflammatory and anti-angiogenic proteins 
along with miR-375 (an inhibitor of the PI3k/Akt pathway) exhib-
ited impaired angiogenic capacity when compared to wild-type 
controls	[86].	These	findings	support	the	likelihood	that	the	con-
tent of CAC-EVs exist on a spectrum from unhealthy (antiangio-
genic) to healthy (proangiogenic) and fuel the rationale for inter-
ventions such as exercise training to alter their content and func-
tion.

Effects	of	Exercise	Training	on	CAC	Paracrine	
Functions

CAC-derived proteins
Though	many	studies	have	identified	the	contributions	of	specific	
proteins to the paracrine functions of CACs, there are considerably 
less data describing how the CAC release of soluble proteins and 
their	subsequent	paracrine	effects	are	modified	in	response	to	ex-
ercise training. To date, much of our understanding with regard to 
the paracrine function of CACs after exercise training comes from 
studies on CD34 +  and CD34-/CD31 +  CACs previously performed 
by	our	group	[87,	88].	In	one	of	the	first	studies,	CACs	were	isolat-
ed from young, healthy participants who were either inactive or 
engaged in regular endurance exercise training [88]. The CM har-
vested from the CACs of inactive individuals from both CAC sub-
types resulted in shorter and less complex endothelial tube forma-
tion in vitro, suggesting functional impairments of the paracrine 
angiogenic capacity of these CACs (▶Fig. 1). Through proteomic 
analysis,	S100A8	and	S100A9	were	identified	as	proteins	potential-
ly	responsible	for	this	impairment,	and	differences	in	the	concen-
tration	of	these	proteins	were	verified	in	the	CM	of	CD34-/CD31	+		
cells,	but	not	in	the	CM	of	CD34	+		cells.	Given	previous	work	by	our	
group,	we	hypothesized	that	the	differences	in	tube	formation	
would arise as a function of intracellular redox balance. However, 
this was not found to be the case in the young healthy participants 
enrolled in this study. To assess whether the cross-sectional nature 
of the study or the younger age of the study population played a 
role	in	the	lack	of	observed	differences	in	intracellular	redox	bal-
ance, our group recruited older sedentary adults for a short-term, 
vigorous aerobic exercise intervention (10 days of daily training at 
70 % VO2max for 60 min) [89]. Though the numbers of CD34 + /
KDR +  and KDR +  CAC subtypes and endothelial function increased 
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after the intervention, it was again found that exercise training did 
not	affect	intracellular	redox	balance	(levels	of	nitric	oxide	or	reac-
tive oxygen species) in CD34 +  CACs.

We then investigated individuals on opposing ends of the health 
spectrum, i. e., young, healthy, endurance exercise-trained partic-
ipants vs. older individuals with myocardial infarction [87]. This 
study	was	performed	to	verify	previous	findings	in	young	healthy	
populations	and	to	identify	potential	mechanisms	for	the	differ-
ences in S100A8 and S100A9 protein concentrations. As expected, 
CD34-/CD31 +  CM from the healthy group induced longer, more 
complex endothelial tubes in vitro compared to those of the un-
healthy group.	This	finding	was	accompanied	by	a	greater	concen-
tration of S100A8/A9 in harvested CM from CACs of the unhealthy 
group. The S100 proteins preferentially bind divalent cations such 
as Ca2 + 	and	have	various	roles	in	the	regulation	of	inflammation	via	
reorganization	of	the	actin	cytoskeleton,	scaffolding	and	delivery	
of arachadonic acid, binding to toll-like receptor 4 (TLR4) and re-
ceptor	for	advanced	glycation	end-products	(RAGE),	and	anti-in-
flammatory	sequestration	of	IL-1b,	IL-6	and	TNFα	[90].	Because	re-
ductions in angiogenesis are accompanied by augmented pro-in-
flammatory	signaling	in	chronic	inflammatory	diseases	such	as	
CVD, we hypothesized that the S100 proteins were operating via 
activation	of	RAGE	or	TLR4.	This	was	supported	by	our	in	vitro	data	
showing	that	TLR4,	but	not	RAGE	antagonists,	rescued	impaired	
angiogenesis due to the presence of S100 proteins. These experi-
ments	support	a	definitive	role	of	other	non-progenitor	cells	in	reg-
ulating angiogenesis in response to exercise by decreasing the re-
lease	of	pro-inflammatory	mediators.	Though	these	experiments	
implicate a clear role of S100 proteins, the signaling pathways that 

regulate the release of S100s with exercise training are still unclear. 
Future research investigating the precise cells responsible for the 
release of S100s in vivo and their molecular cues are warranted for 
the development of pharmacological interventions and the im-
provement	of	cell	transplantation	efficacy.

CAC-derived microRNA and extracellular vesicles
Despite	the	body	of	literature	demonstrating	beneficial	effects	of	
acute exercise and exercise training on CAC function (see [23] for 
review), there is a paucity of research on CAC miR expression and 
release	in	response	to	exercise	training.	The	effectiveness	of	long-
term interventions such as lipid lowering therapy in modulating 
CD34	+	/VEGFR2	+		cell	number	and	miR	content	(miR-221	and	222)	
first	suggested	a	similar	potential	for	aerobic	exercise	training	[91].	
Additionally, the body of evidence discussed above shows that var-
ious factors/stimuli alter the expression of miRs which regulate par-
acrine	functions	of	CACs.	In	one	of	the	first	exercise	studies,	Ra-
dom-Aizik	et	al.	[92]	reported	the	effects	of	30-minutes	of	cycling	
exercise (intervals of 2 minutes of exercise at ~76 % VO2peak and 
1 min of rest) on miR expression in the entire peripheral blood mon-
onuclear cell population of young men. This initial analysis showed 
that	34	miRs	were	differentially	expressed	after	exercise	and	3	miRs	
(15a,	181a,	and	363)	were	found	to	be	upregulated	upon	confir-
mation	with	RT-qPCR,	while	miR-451	was	downregulated.	Given	
the role of CACs within the overall peripheral blood mononuclear 
cell population, subsequent studies have begun to focus on miRs 
and	EVs	from	specific	subsets	of	CACs.

One	recent	study	reported	the	effects	of	four	weeks	of	treadmill	
exercise training (15 meters/minute for 60 min, 5 days per week) 

▶Fig. 1 Representative images of endothelial tube formation assay after treatment with conditioned media from CD34 +  (a–c)	and	CD34	−	/CD31	+		
cells (d–f) of endurance-trained (a and d), active (b and e) and inactive (c and f) participants. Used with permission [88].
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on EPC miRs in four groups of mice [93]. The mice received either 
a ligation-induced myocardial infarction or sham surgery, then un-
derwent four weeks of exercise training or remaining sedentary. 
EPC expression of miR-126 was highest in the MI group that re-
ceived exercise training, and the authors concluded that this likely 
contributed to enhanced angiogenic function of the EPCs [93]. An-
other	study	assessed	the	effects	of	four	weeks	of	treadmill	exercise	
on	EVs	in	mice,	finding	a	significantly	increased	amount	of	CD34	+	/
KDR +  exosomes in circulation after treadmill exercise training (10 
meters/minute for 60 min, 5 days per week) [94]. Furthermore, 
these	exosomes	had	a	significantly	higher	amount	of	miR-126	con-
tained within them when compared to the sedentary and low-ex-
ercise (5 meters/minute for 60 min, 5 days per week) groups. How-
ever,	there	was	also	a	graded	effect,	as	exosomes	from	the	low-ex-
ercise group contained higher levels of miR-126 than exosomes 
from	sedentary	mice.	A	concurrent	increase	was	seen	in	VEGF	pro-
tein levels in endothelial cells co-cultured with CACs derived from 
the group that performed moderate-intensity exercise training, 
implying	that	this	intervention	induced	protective	effects	of	CACs	
on endothelial cells. The contribution of miR-126 to these changes 
was supported when knockdown of miR-126 in exosomes derived 
from the CACs of moderate intensity exercise trained mice abol-
ished	these	changes,	inducing	VEGF	levels	in	co-cultured	endothe-
lial cells that mirrored the co-culture group that contained only en-
dothelial cells in co-culture medium (negative control). Similarly, 
in an animal model of stroke, circulating CD34 + /KDR +  exosomes 
from mice undergoing exercise post-stroke (10 meters/minute for 
60 min, 5 days per week for 4 weeks) contained greater miR-126 
content and had improved microvessel density than their seden-
tary counterparts [95]. miR-126 content was negatively correlated 
with stroke outcomes such as infarct volume and cell death. Addi-
tionally,	the	beneficial	effects	of	miR-126	on	neuronal	outcomes	
were blocked with PI3k and miR-126 inhibitors. Importantly, in the 
exercise vs control group, these improvements were augmented 
at 14 and 28 days of exercise post stroke suggesting that exercise 
training	extended	benefits.	It	should	be	noted	that	in	these	in	vivo	
studies, exercise training likely stimulated a number of pathways 
involving hypoxia, shear stress and cytokine release to improve an-
giogenesis and vascular function; however, these studies demon-
strate	the	possibility	that	aerobic	exercise	training	can	beneficially	
modify the contents of CAC-derived EVs to improve disease out-
comes.

In a recent study involving older patients with type 2 diabetes 
who had been instructed to engage in self-paced physical activity 
(e.	g.,	walking	in	one’s	neighborhood),	subjects	who	had	engaged	
in the highest volume of exercise (~344 MET-minutes per day) over 
a	three	month	period	showed	a	significant	decrease	in	miR-146a	
expression in CACs, while subjects who engaged in a moderate 
amount of exercise (~270 MET-minutes per day) experienced a sig-
nificant	increase	in	miR-130a	expression	[96].	These	changes	in	in-
tracellular	miR	levels	suggest	that	exercise	training	may	beneficial-
ly modulate CAC paracrine function, as miR-146a is highly upreg-
ulated in response to senescence and miR-130a is proangiogenic 
[67, 76]. Taken together, these studies suggest the potential of 
chronic	exercise	training	to	beneficially	modify	miR	secretion	based	
on changes in intracellular expression, especially in subjects with 
existing cardiovascular impairments.

The literature on circulating miRs has been previously reviewed 
in	the	context	of	exercise,	training,	and	fitness	level	[97].	However,	
conflicting	evidence	has	been	provided	on	the	associations	be-
tween changes in circulating miR and intracellular CAC miR levels 
[73, 75, 76]. The levels of expression in these two pools of miRs may 
be similar, while in other cases may be opposite of one another (i. e., 
higher	in	CACs	but	lower	in	serum)	[75].	In	addition,	it	is	difficult	to	
determine which miRs in circulation have been released by CACs, 
as there is no way to identify the cellular source of circulating miRs. 
However, CACs do express some miRs that have pro-angiogenic 
functions	and	are	thought	to	be	endothelial	cell-specific	[61],	sup-
porting the notion that more studies of CAC miR expression and 
secretion in response to exercise are needed.

Though only one known study to date has been published on 
the	effects	of	exercise	training	on	CAC	EV	paracrine	release	[94],	
the	effects	of	an	acute	bout	of	exercise	on	CAC-derived	EVs	have	
been reported. At various intensities ranging from ~50 % VO2max 
to a maximal exercise test, an acute bout of cycle or treadmill  
exercise is known to increase the release of CAC-derived EVs  
[98–100]. However, the mechanisms underlying EV release from 
CACs following an acute bout of exercise are largely unknown, as 
demonstrated	by	conflicting	findings	reported	by	two	similar	stud-
ies [99, 100]. While one study reported that the number of EVs de-
rived from CD15 +  polymorphonuclear neutrophils, but not from 
CD14 +  monocytes, increased in healthy trained individuals after 
a bout of maximal exercise, the other found that CD14 +  mono-
cytes	release	a	significantly	greater	amount	of	EVs	following	a	bout	
of	submaximal	exercise	[99,	100].	Taken	together,	the	findings	sum-
marized from the above exercise training and acute exercise stud-
ies	support	the	potential	of	chronic	exercise	to	beneficially	modu-
late the paracrine release of miRs, EVs and EV cargo from CACs.

Conclusions
The paracrine function of CACs is an integral part of their role in 
angiogenesis and maintenance of the endothelium, whether di-
rectly through the secretion of various growth factors or indirect-
ly	through	inflammatory	mediators.	While	exercise	training	elicits	
stimuli such as hypoxia, shear stress and cytokine release that may 
directly	affect	angiogenesis	and	cardiovascular	health,	the	research	
cited herein indicates exercise training also may elicit these im-
provements through enhanced CAC paracrine function (▶Fig. 2). 
Though	nascent,	the	research	in	this	area	has	already	identified	
roles	of	the	S100A	proteins	and	miRs-	126,	130,	and	146a	as	effec-
tors	of	the	benefits	of	exercise	on	CAC	paracrine	function.	Still,	
many	factors	identified	as	important	in	CAC	paracrine	function	
have not yet been investigated in regard to exercise training.

First and foremost, there is a general lack of longitudinal stud-
ies assessing CAC paracrine function following exercise training; 
future prospective trials are essential to improve our understand-
ing	of	the	effects	of	exercise	training	in	a	variety	of	populations.	
Second,	these	studies	should	strive	to	define	the	precise	molecu-
lar,	mechanical	or	inflammatory	cues	that	elicit	beneficial	changes	
with	exercise	training.	Given	the	wide	range	of	potential	responses	
and	the	fact	that	multiple	cells	and	tissues	are	affected	by	exercise	
training, it is also likely that mechanisms of cellular cross-talk, such 
as CAC-EVs, are involved and warrant investigation. Third, future 
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research	should	examine	specific	subsets	of	CACs	to	better	under-
stand	the	unique	functions	of	each	subset	and	the	influence	of	ex-
ercise training on paracrine function. We currently understand that 
exercise	training	affects,	and	often	increases,	the	number	of	cells	
within certain subpopulations of CACs (for review see [23]), the re-
sponse	is	not	uniform	across	all	subpopulations	and	this	differen-
tial response may result in distinct CAC subpopulations having dif-
ferent contributions to overall CAC paracrine function.

Finally, the aforementioned factors and mechanisms should also 
be explored in the context of common cardiometabolic diseases 

known	to	affect	CACs	and	angiogenesis,	such	as	coronary	heart	dis-
ease and type 2 diabetes mellitus. Studies of autologous circulating 
stem/progenitor cell therapies have been underway in these popu-
lations for the past 2 decades, but results are often inconclusive. In 
our view, exercise training studies could be particularly useful in 
these groups to identify optimal CAC subpopulations and paracrine 
mechanisms that could be targeted for enhancement prior to autol-
ogous	cell	therapies.	Furthermore,	the	effects	of	different	types	and	
intensities of exercise, as well as the independent and combined ef-
fects of exercise and weight loss, require study in an attempt to de-

▶Fig. 2	 Conceptual	figure	of	changes	in	CAC	paracrine	function	as	a	result	of	exercise	training.	Circulating	angiogenic	cells	(CAC)	adhere	to	the	
endothelium (top panel) and secrete paracrine factors to promote angiogenesis. Exercise training (bottom right panel) increases CAC release of 
miR-126,	both	within	and	independent	of	exosomes/extracellular	vesicles	(EV),	which	enters	endothelial	cells	and	increases	expression	of	VEGF	and	
CXCR4 by targeting inhibitors of their production. Exercise training also decreases CAC expression of miR-146a (anti-angiogenic) and increases 
miR130-a	(pro-angiogenic)	while	promoting	a	decrease	in	S100A8/A9	ratio	(ameliorating	an	inflammatory	response).	Stimuli	associated	with	exer-
cise	training	such	as	NO	release,	wall	shear	stress,	and	hypoxia	are	known	to	affect	CAC	paracrine	function	(top	panel),	but	these	changes	have	not	
been directly linked to CAC secretion of various growth factors, cytokines, chemokines and miRs with exercise training (bottom left panel).
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fine	optimal	exercise	prescriptions	to	enhance	CAC	and	vascular	func-
tion,	with	the	effects	of	strength	vs.	aerobic	exercise	or	continuous	
vs. high intensity interval training being ripe for study. While current 
exercise guidelines focus mainly on achieving a number of minutes 
of moderate or vigorous aerobic exercise each week, identifying op-
timal frequencies, intensities, durations and types of aerobic or 
strength exercise to enhance CAC paracrine function could lead to 
better personalization of exercise prescription to preserve or en-
hance cardiovascular function in health and disease.

In summary, the research reviewed herein establishes a role of 
CAC	paracrine	function	in	promoting	angiogenesis	and	identifies	
several	proteins	and	miRs	that	appear	to	mediate	the	beneficial	ef-
fects of exercise training on CAC paracrine function. These early 
studies provide promising results and lay the framework and ra-
tionale	for	future	studies	to	fully	elucidate	the	effects	of	exercise	
training on CAC paracrine function.
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